Abstract. Presenilin 1 (PS1) plays a pivotal role in
Introduction
Alzheimer's disease (AD) 1 is a progressive and fatal neurodegenerative disorder characterized by the loss of neurons in brain regions involved in learning and memory. One of the early events in the development of AD is the accumulation of amyloid ␤ -peptide (A ␤ ) in the cerebral cortex. A ␤ 1-42 is produced from amyloid ␤ -protein precursor (APP) by both ␤ -secretase-and ␥ -secrease-mediated processing (Selkoe, 1998) . Most cases of early-onset familial AD (FAD) are caused by mutations in the genes encoding presenilin 1 (PS1) and presenilin 2 (PS2) (Levy-Lahad et al., 1995; Rogaev et al., 1995) . Presenilins appear to be required for the processing of APP to A ␤ (by ␥ -secretase activation) (De Strooper et al., 1998; Wolfe et al., 1999; Li et al., 2000) .
PS1 is a membrane protein that contains eight putative transmembrane domains and primarily localized to intracellular membranes including the endoplasmic reticulum and Golgi apparatus (Cook et al., 1996; Doan et al., 1996; Kovacs et al., 1996; De Strooper et al., 1997) . Presenilins are homologous to two Caenorhabitis elegans gene products, SEL-12 and HOP1, both of which facilitate Notch/ LIN-12 signaling (Artavanis-Tsakonas et al., 1999) . Indeed, PS1 plays a pivotal role in Notch signaling by regulation of the Notch processing through ␥ -secretase activation (Levitan and Greenwald, 1995; Li and Greenwald, 1997; Chan and Jan, 1999; De Strooper et al., 1999; Ray et al., 1999; Li et al., 2000) . Notch signaling appears to be associated with the regulatory mechanisms of a variety of cellular events including cell fate control during embryonic development, differentiation, cell growth, and apoptosis (Artavanis- Tsakonas et al., 1999) .
The mitogen-activated protein kinase (MAPK) pathway is one of the major signaling pathways that transmit intracellular signals initiated by extracellular stimuli to the nucleus. The MAPK pathway regulates a variety of cellular functions, including cell proliferation, differentiation, and death (Minden and Karin, 1997; Ip and Davis, 1998; Schaeffer and Weber, 1999) . The MAPK pathway includes three distinct components: MAPKs, MAPK kinases (MAPKKs), and MAPKK kinases (MAPKKKs). MAPKKKs phosphorylate and activate MAPKKs, which in turn phosphorylate and activate MAPKs. When activated, MAPKs phosphorylate various proteins that include transcription factors, thereby regulating gene expression or other cellular functions. The family of mammalian MAPKs includes three subfamilies: extracellular signalregulated kinase (Erk), stress-activated protein kinase (SAPK)/c-Jun NH 2 -terminal kinase (JNK) and p38 MAPK (Boulton et al., 1991; Han et al., 1994; Cobb and Goldsmith, 1995; Kyriakis and Avruch, 1996; Su and Karin, 1996; Fanger et al., 1997) . The Erk pathway consists of Erk and upstream kinases that include MAPK/Erk kinase 1 and Raf-1 (Schaeffer and Weber, 1999) . This pathway is often stimulated by mitogenic stimuli. The p38 MAPK pathway consists of p38 MAPK and its upstream kinases that include MAPKKs such as MKK3 or MKK6 and MAPKKK such as ASK1 or TAK1 (Schaeffer and Weber, 1999) . The SAPK/JNK pathway consists of SAPK/ JNK and upstream kinases that include MAPKKs such as SEK1/JNKK1/MKK4 or MKK7, and MAPKKKs such as MEKK1, ASK1, or TAK1 (Minden and Karin, 1997; Ip and Davis, 1998) . Like the p38 pathway, the SAPK/JNK pathway can be activated by a variety of cellular stresses that include genotoxic stress, free radicals, heat shock, osmotic shock, ischemia, and proinflammatory cytokines such as tumor necrosis factor-␣ and interleukin-1 ␤ (Minden and Karin, 1997; Ip and Davis, 1998) . When activated, SAPK/JNK can phosphorylate and activate c-Jun or other transcription factors including ATF-2 and Elk-1 (Gupta et al., 1995; Minden et al., 1995; Yang et al., 1998) . Although the physiological role of SAPK/JNK is not fully understood, SAPK/JNK has been shown to be involved in the cellular mechanism of apoptotic cell death under certain conditions (Minden and Karin, 1997; Ip and Davis, 1998) . In particular, a series of studies using mice have demonstrated a pivotal role of SAPK/JNK in apoptotic cell death and excitotoxic neuronal death (Yang et al., 1997; Dong et al., 1998; Kuan et al., 1999; Tournier et al., 2000) .
To better understand the intracellular signaling downstream of PS1, we investigated whether PS1 could modulate the MAPK signaling pathways. We report in this study that PS1 inhibits the SAPK/JNK pathway and that the PS1-induced suppression of the SAPK/JNK pathway requires functionally active PS1. Our findings suggest that PS1 inhibits stress-activated signaling by suppressing the SAPK/JNK pathway.
Materials and Methods

Plasmids
cDNA clones encoding wild-type PS1 or its mutants were inserted into pcDNA3-FLAG vector as described (Kovacs et al., 1996) . pcDNA3-SAPK ␤ -FLAG (J. Woodgett, Ontario Cancer Institute, Toronto, Canada), pcDNA3-SAPK ␤ -hemagglutinin (HA), pCEP4-HA-ERK2 (M.H. Cobb, University of Texas Southwestern Medical Center, Dallas, TX), pcDNA3-p38-FLAG (R.J. Ulevitch, The Scripps Research Institute, La Jolla, CA), pEBG-SEK1 (L.I. Zou, Harvard Medicaal School, Boston, MA), pcDNA3-HA-MEKK1 (G.L. Johnson, University of Colorado, Denver, CO), pcDNA3-⌬ MEKK1, and pEXV-Rac1V12 (A. Hall, University College London, London, UK) were described previously (Shim et al., 1996 (Shim et al., , 2000 .
Cell Culture and DNA Transfection
Human embryonic kidney (HEK) 293 cells, B103 rat neuroblastoma cells, and mouse embryonic fibroblasts (MEFs) from wild-type or PS1-null mice (Shen et al., 1997) were grown in DME (GIBCO BRL) supplemented with 10% fetal bovine serum. MEF PS1( ϩ / ϩ ) and MEF PS1( ϪրϪ ) cells (J. Shen, Brigham and Women's Hospital, Harvard Medical School, Boston, MA) at the passage between three and six were used, and they were in the same passage at the experiments. Cultured cells were transfected by calcium phosphate method or LipofectAMINE (GIBCO BRL). To establish cells that stably expressed ectopic PS1, B103 cells were transfected with pcDNA3 empty vector or pcDNA3-PS1. After 48 h of transfection, the cells were maintained in complete medium containing 500 g/ml G418 to select neomycin-resistant cells. Expression of ectopic PS1 in the neomycin-resistant cells was analyzed by immunoblot using anti-PS1 antibody.
Apoptosis Assay
After the proper treatments, cultured cells were fixed with 70% ethanol on ice for 1 h and then stained with 10 g/ml propidium iodide. The propidium iodide-stained cells were analyzed by flow cytometry (FACSCalibur ® ; Becton Dickinson). Alternatively, cells were transfected with indicated vector constructs plus pEGFP. After 24 h of transfection, the cells were treated with indicated apoptotic stimuli. The cells were fixed with 4% formaldehyde for 30 min and then stained with 10 g/ml of DAPI for 10 min. The DAPI-stained nuclei were examined for apoptotic morphology with a ZEISS Axiovert fluorescence microscope. Green fluorescent protein (GFP)-expressing cells were scored for apoptotic nuclei. More than 200 cells were counted in each experiment, and data from three independent experiments were analyzed.
Immune Complex Kinase Assay
Cultured cells were lysed in a lysis buffer, and the cell lysates were subjected to immunoprecipitation using appropriate antibodies Shim et al., 2000) . The resultant immunopellets were assayed for activities of the indicated protein kinases . GST-c-Jun (1-79) was used as a substrate for SAPK/JNK, GST-ATF2 (1-109) for p38, myelin basic protein for Erk2, GST-SAPK ␤ (K55R) for SEK1, and GST-SEK1(K129R) for MEKK1. The phosphorylated proteins were resolved by SDS-PAGE on a 10% polyacrylamide gel and analyzed with a Fuji BAS 2500 PhosphorImager. The cell lysates were also subjected to immunoblot analysis using the indicated antibodies. The bands in the immunoblot were visualized using an enhanced chemiluminescence system (Amersham Pharmacia Biotech).
Results
PS1 Suppresses the SAPK/JNK Pathway
To investigate whether PS1 might modulate a function of the SAPK/JNK pathway, we transfected HEK293 cells with SAPK ␤ /JNK3 and PS1 constructs (Fig. 1 A) . Exposure of the transfected cells to 80 J/m 2 UV light resulted in stimulation of SAPK activity. Interestingly, ectopically expressed PS1 suppressed the UV-stimulated SAPK activity. Similarly, ectopic PS1 suppressed the SAPK activity stimulated by sorbitol (Fig. 1 A) or other stresses including anisomycin (data not shown). PS1 also inhibited p38 MAPK activity stimulated by UV light, whereas it did not affect the PMA-induced stimulation of Erk2 activity (Fig.  1 B) . In the following experiments, we looked at the mechanism by which PS1 inhibited the SAPK/JNK pathway.
The SAPK/JNK pathway is composed of SAPK/JNK and its upstream kinases that include SEK1 and MEKK1 (Minden and Karin, 1997; Ip and Davis, 1998) . When activated, MEKK1 can phosphorylate and activate SEK1, which then phosphorylates and activates SAPK/JNK. To better understand how PS1 suppressed the SAPK activity in cells, we examined a possible action of PS1 on SEK1 and MEKK1. Ectopic PS1 inhibited the UV-stimulated SEK1 or MEKK1 activity in transfected HEK293 cells (Fig. 2, A and B) . Overexpressed PS1, however, failed to inhibit SAPK activity stimulated by coexpression of a constitutively active form of MEKK1, ⌬ MEKK1 (Fig. 2 C) . These results suggest that PS1 might suppress the SAPK/ JNK pathway by acting on a site or sites upstream of MEKK1. Rac1, a member of the small GTP-binding pro- (1 g), as indicated. After 48 h of transfection, the cells were exposed to 80 J/m 2 UV light, incubated further for 30 min, and lysed. For measuring GST-SEK1 activity, GST-SEK1 was isolated from the cell lysates using glutathioneagarose beads and then assayed for phosphorylation of GST-SAPK␤(K55R).
For measuring HA-MEKK1 activity, the cell lysates were subjected to immunoprecipitation using anti-HA antibody. The immunopellets were assayed for MEKK1 activity by immune complex kinase assay. (C) PS1 does not affect ⌬MEKK1-stimulated SAPK activity. HEK293 cells in 100-mm dishes were cotransfected with pcDNA3-PS1-Flag (4 g), pcDNA3-SEK1(K129R) (1 g), and pcDNA3-⌬MEKK1-Flag (1 g) along with pcDNA3-HA-SAPK␤ (1 g), as indicated. (D) PS1 does not change Rac1-stimulated SAPK activity. HEK293 cells in 100-mm dishes were cotransfected with pcDNA3-PS1-Flag (4 g) and pcDNA3-Rac1V12 (1 g) along with pcDNA3-HA-SAPK␤ (1 g). In C and D, the transfected cells were lysed after 48 h of transfection. SAPK activity in the cell lysates was measured by immune complex kinase assay using mouse anti-HA antibody. IB, immunoblot analysis of transfected cells with the indicated antibodies.
tein Rho family, has been shown to act upstream of MEKK1 to stimulate the SAPK/JNK pathway (Coso et al., 1995; Minden et al., 1995) . Overexpression of Rac1V12, a constitutively active mutant of Rac1, induced SAPK stimulation in transfected HEK293 cells (Fig. 2 D) , and PS1 did not repress the Rac1V12-induced SAPK stimulation. This suggests that PS1 may inhibit the SAPK/JNK pathway by acting on a site upstream of Rac1 or by a pathway independent of the Rac1-mediated signaling.
The PS1-induced Suppression of the SAPK/JNK Pathway Requires Functionally Active PS1
In the following experiments, we examined the effects of several FAD-linked PS1 mutants on the SAPK pathway. The FAD-linked PS1 mutants M146V, C410Y, and L286V inhibited the UV-stimulated SAPK activity in cotransfected HEK293 cells, just as wild-type PS1 did (Fig. 3 A) . In contrast, the biologically inactive transmembrane aspartate mutants of PS1 (D257A and D385A) could not inhibit the UV-induced SAPK stimulation (Fig. 3 B) . The two aspartic acid residues D257 and D385 in PS1 are essential for PS1 endoproteolysis and ␥ -secretase activation . The UV-induced SAPK stimulation was also repressed by overexpression of PS1 ⌬ Ex9 (Fig. 3  B) . PS1 ⌬ Ex9 is a functional PS1 mutant lacking exon 9 (amino acids 290-319), which contains an endoproteolytic site, M298 Podlisny et al., 1997) . Thus, PS1 ⌬ Ex9 does not undergo endoproteolysis but is competent for ␥ -secretase activation (Li et al., 2000) . Our data, therefore, suggest that ␥ -secretase activation may be important for PS1 to suppress the SAPK/JNK pathway.
PS1 Protects Neuroblastoma B103 Cells from Apoptosis Mediated by SAPK/JNK Activation
Next, we stably transfected rat neuroblastoma B103 cells with PS1 (B103-PS1 cells) or with an empty vector (B103-neo cells). We then investigated the inhibitory effect of PS1 on SAPK/JNK. Immunoblot data confirmed the expression of PS1 in B103-PS1 cells, but not in B103-neo control cells (Fig. 4 A) . Exposure of the B103-neo control cells to UV light or H 2 O 2 resulted in the stimulation of endogenous SAPK/JNK, whereas the UV-or H 2 O 2 -induced stimulation of SAPK/JNK activity was repressed in B103-PS1 cells (Fig. 4 B) . Stably expressed ectopic PS1 also inhibited the H 2 O 2 -induced stimulation of endogenous SEK1 or MEKK1 in B103-PS1 cells (Fig. 4 C) . SAPK/JNK has been shown to mediate stress-induced apoptotic cell death under certain conditions (Xia et al., 1995; Verheij et al., 1996; Minden and Karin, 1997; Ip and Davis, 1998) . We examined whether PS1 could modulate SAPK-involved apoptotic cell death in B103 cells (Fig. 5) . Exposure of B103 cells to H 2 O 2 resulted in an increase in apoptosis (Fig. 5 A) . The H 2 O 2 -induced apoptotic cell death was markedly reduced in cells transfected with SEK1(K129R), a dominant negative form of SEK1. Apoptosis induced by ⌬ MEKK1 overexpression was also repressed in B103 cells transfected with SEK1(K129R) (Fig.  5 B) . These results suggest that the SAPK/JNK signaling cascade is involved in the mechanism of the H 2 O 2 -or ⌬ MEKK1-induced apoptosis in B103 cells. Overexpressed PS1 prevented apoptotic cell death induced by H 2 O 2 (Fig.   5 A) , but not by ⌬ MEKK1 (Fig. 5 B) . These data suggest that PS1 might prevent the H 2 O 2 -induced apoptotic cell death through inhibiting the SAPK/JNK pathway and that the inhibition occurs a site upstream of MEKK1 in the SAPK/JNK pathway. Our data also show that PS1 ⌬ Ex9, which retains an ability of ␥ -secretase activation (Li et al., 2000) and suppressed the SAPK/JNK pathway (Fig. 3) , also inhibited H 2 O 2 -induced apoptotic cell death (Fig. 5  A) . In contrast, PS1(D257A), which lacks an ability of ␥-secretase activation and could not suppress the SAPK pathway (Fig. 3 ), failed to block the H 2 O 2 -induced apoptotic cell death. ) and incubated further for 30 min. The cell lysates were examined for SAPK activity by immune complex kinase assay using mouse anti-HA antibody. (B) Effects of endoproteolysis mutants of PS1 on UV-stimulated SAPK activity. HEK293 cells in 100-mm dishes were cotransfected with pcDNA3-HA-SAPK␤ (1 g) and pcDNA3-Flag vector (4 g) expressing each PS1 variant (wild type, D257A, D385A, or ⌬Ex9), as indicated. The transfected cells were exposed to UV light (80 J/m 2 ), and SAPK activity in the cell lysates was measured by immune complex kinase assay using mouse anti-HA antibody. IB, immunoblot analysis of transfected cells with anti-HA or anti-Flag antibody. CTF, the COOH-terminal fragment of PS1 after PS1 endoproteolysis. et al., 1997). Interestingly, the endogenous JNK1/SAPK␥ activity both at the basal state and in the H 2 O 2 -stimulated state was higher in MEF PS1(ϪրϪ) cells than in MEF PS1(ϩ/ϩ) cells (Fig. 6 A) . Ectopic expression of PS1 in the MEF PS1(ϪրϪ) cells resulted in a decrease in the H 2 O 2 -stimulated SAPK/ JNK activity (Fig. 6 B) . We also examined H 2 O 2 -induced apoptotic cell death in MEF PS1(ϩ/ϩ) and MEF PS1(ϪրϪ) cells. MEF PS1(ϪրϪ) cells were more sensitive to H 2 O 2 -induced apoptosis than MEF PS1(ϩ/ϩ) cells (Fig. 6 C) . Furthermore, overexpressed PS1 converted MEF PS1(ϪրϪ) cells to be more resistant to H 2 O 2 -induced apoptosis (Fig. 6 D) . On the other hand, biologically inactive PS1(D257A), which failed to suppress the SAPK pathway (Fig. 3 ), did not lower the H 2 O 2 -induced apoptotic cell death in the MEF PS1(ϪրϪ) cells. Together, these data strongly suggest that PS1 functions as a negative regulator of the SAPK/ JNK pathway and that PS1 suppresses H 2 O 2 -induced apoptosis by inhibiting the SAPK/JNK pathway.
Elevated SAPK/JNK Activity in Cells from PS1-null Mice
Discussion
In this study, we demonstrate that PS1 inhibits the SAPK/ JNK pathway. Ectopically expressed PS1 blocked the stress-induced stimulation of SAPK/JNK and its upstream kinases including SEK1 and MEKK1. FAD-linked PS1 mutants, M146V, C410Y, and L286V, were also able to inhibit the SAPK stimulation. Interestingly, biologically inactive PS1 mutants D257A and D385A, both of which have been shown to lack ␥-secretase activation and PS1 endoproteolysis , failed to inhibit SAPK stimulation. Furthermore, PS1⌬Ex9, which lacks the endoproteolysis site but is competent for activation of ␥-secretase activity (Li et al., 2000) , retained the inhibitory effect on the SAPK/JNK pathway. These data suggest that the ␥-secretase activation, rather than the PS1 endoproteolysis, is required for the PS1-induced inhibition of the SAPK/JNK pathway. ␥-Secretase has two major sub- strates, APP and Notch (De Strooper et al., 1998 . The cleavage of APP or Notch by ␥-secretase produces A␤ or the intracellular domain of Notch, Notch-IC, respectively. A␤ 1-42 did not inhibit the SAPK/JNK activity (data not shown). In comparison, our preliminary data showed that overexpression of the Notch intracellular domain, which is the active form of intracellular Notch, resulted in suppression of SAPK/JNK activation (data not shown). These findings imply that PS1-mediated cleavage of Notch might be involved in the mechanism of PS1-induced suppression of the SAPK pathway. In this regard, Notch has been previously proposed to play a role in the regulation of the SAPK/JNK pathway (Ordentlich et al., 1998; Zecchini et al., 1999) .
Several lines of evidence suggest that presenilins are involved in apoptosis . Overexpression of PS2 has been shown to potentiate apoptosis of PC12 cells induced by NGF withdrawal or neurotoxic A␤ 1-42 (Wolozin et al., 1998) . Another study showed that ALG3, a truncated form of murine PS2, reduced T cell receptor-or Fas-induced apoptosis in a mouse T cell hybridoma (Vito et al., 1996) . Studies using PS1-null mice have demonstrated that PS1 is involved in neuronal survival (Shen et al., 1997) . In this study, we show that ectopic PS1 suppressed the H 2 O 2 -induced apoptosis in B103 neuroblastoma cells. Moreover, deficiency of PS1 caused an elevation in the H 2 O 2 -induced apoptosis in MEF cells from PS1-null mice, as compared with MEF cells from PS1 ϩ/ϩ wild-type mice. The H 2 O 2 -induced apoptosis was blocked by overexpression of SEK1(K129R), suggesting that the SAPK/JNK pathway is involved in the mechanism of the H 2 O 2 -induced apoptosis. Thus, our findings suggest that PS1, by inhibiting the SAPK pathway, can protect cells from stress-induced apoptotic cell death. The precise mechanism by which PS1 inhibits the SAPK/ JNK pathway, however, needs to be further studied. 
